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Artiﬁcial micro- and nanostructures have already found numerous applications in various 
sectors of optics and photonics. Periodic patterns are used as diffraction gratings, photonic 
crystals, ultrathin polarizers and wave retarders, antireﬂection coatings, optical ﬁlters,  
plasmonic waveguides, optical antennas and sensors, as well as substrates for surface enhanced 
ﬂuorescence and Raman spectroscopy (SERS). Surface micro- and nanostructures have also 
been demonstrated to exhibit superhydro- and superoleophobicity and, for example, the so-
called structural colors that do not use any dyes. These properties can lead to fascinating 
applications, e.g., in self-cleaning eyeglasses and touchscreens, as well as in various types of 
displays. 
This thesis describes the development of a set of nanofabrication techniques for 
manufacturing nanoscale optical components. One of the key ideas was to switch from 
conventional photolithography based on photoresist to a new type of maskless lithography 
making use of azobenzene-containing polymers (azo-polymers). This transition fundamentally 
changes the fabrication process, for example, eliminating wet processing steps, such as 
photoresist development and stripping. The azo-polymer-based interference lithography 
developed in this thesis is a fast and simple technique to pattern large-area arrays of perfectly 
ordered nanofeatures. In addition, the azo-polymers are insensitive to humidity and 
temperature ﬂuctuations, as well as to stray light. These properties make them an attractive 
alternative to traditional photoresists. 
The invented nanofabrication technique was shown to be capable of patterning various 
materials, such as semiconductors, glass and metals. Using the technique we have fabricated 
various optical elements, such as plasmonic ﬁlters, ultrathin polarizers, all-metal reﬂective  
waveplates and substrates for surface enhanced Raman scattering with various degree of 
complexity. Maskless lithography allows for fast adjustment of the pattern parameters and 
nearly instant prototyping. The scaling up capability of the technique, meanwhile, opens up the 
door to industrial applications. 
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1. Introduction
The recent progress in studying light-matter interaction on the micro-
meter and nanometer scale in parallel with developments in techniques
to fabricate complex nanostructures has made micro- and nanophotonics a
highly topical area of research. In particular, optical resonances that can
be excited in metal and dielectric nanostructures have been very actively
studied. Plasmon or Mie-type resonant excitations in individual nanopar-
ticles are accompanied by a signiﬁcant enhancement of optical scatter-
ing and absorption by the particles around the resonance wavelength.
This can be used to efﬁciently control light propagation characteristics
in nanoparticle arrays. Furthermore, the strength of the optical electric
ﬁeld can be signiﬁcantly enhanced close to the nanostructure in which a
resonant plasmon is excited. This can be used, e.g., in surface enhanced
Raman spectroscopy (SERS). Also by making use of non-resonant inter-
action of light with periodic micro- and nanostructures, it is possible to
create a variety of optical elements, such as nanogratings, spectral ﬁlters,
polarizers, wave retarders, lenses, and other elements with a thickness
that is smaller than the wavelength of light.
Direct fabrication of periodic nanoparticle arrays with non-trivial ge-
ometries is not a straightforward process. Usually such elements are fab-
ricated by combining conventional photolithography with more sophisti-
cated nanofabrication techniques. The main difﬁculties arise from sev-
eral unwanted physical and chemical effects. Standing-wave formation in
photolithographic exposure patterns drastically degrades the photoresist
mask quality, when the exposure is done on a reﬂective substrate. Pho-
toresist itself is very sensitive to temperature and humidity variations as
well as to stray light, which leads to the requirement of carefully control-
ling the environment. Etching the substrate through a photoresist mask
can be inefﬁcient, when a hard substrate material, such as glass, is used.
1
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Dry etching of noble metals is commonly considered to be impossible due
to a lack of volatile noble-metal-based compounds.
An alternative nanofabrication technique is introduced in this thesis.
The technique uses special photosensitive azobenzene-containing poly-
mers (azo-polymers). In contrast to photoresists, these polymers are sen-
sitive to light polarization rather than intensity, which in particular re-
moves the stray-light problem and substantially reduces the inﬂuence of
the standing waves on the exposure-pattern formation. In addition, azo-
polymers are insensitive to temperature and humidity ﬂuctuations, and
have much longer shelf lifetimes. It is also important that azo-polymers
allow one to use all-dry fabrication procedures, which greatly improves
the manufacturing throughput.
Chapter 2 of this thesis describes the principles and key properties of
some relevant nanofabricated optical elements. The details of the de-
veloped new nanofabrication approach are described in chapters 3 and 4
which are based on Publications I - IV. These chapters describe the funda-
mentals of the azo-polymer based interference lithography, the nanofabri-
cation processes used to manufacture the various ultrathin optical compo-
nents and the extension of the method towards patterning metal ﬁlms and
glass substrates. Chapter 4 introduces photonic structures fabricated by
using the developed nanofabrication techniques. The last chapter 5 sum-
marizes the results obtained in the thesis.
2
2. Periodic structures for photonic
applications
Artiﬁcial micro- and nanostructures are nowadays widely used in vari-
ous aspects of the daily life, technology and science. The versatility of
micro- and nanostructured ﬁlms is reﬂected in numerous applications
in optics, where they have been used, e.g., to fabricate diffraction grat-
ings [1], photonic crystals [2, 3, 4, 5, 6], ultrathin polarizers [7] and wave
retarders [8, 9], antireﬂection (AR) coatings [10], optical ﬁlters [11], plas-
monic waveguides [12], optical antennas or sensors [13], as well as sub-
strates for surface enhanced Raman spectroscopy (SERS) [14]. Surface
micro- and nanostructures can have other fascinating physical properties,
exhibiting, e.g., super hydro- and oleophobicity [15, 16, 17] and so-salled
structural colors that do not use any dyes [18]. This section describes
these optical elements in some detail.
2.1 Diffraction gratings
A periodic array of diffracting elements capable of splitting a light beam
into several beams is called diffraction grating. The simplest grating is
a transmissive amplitude grating that is made of repeating slits in an
opaque screen [1]. It is schematically shown in Fig. 2.1. When a plane
wave is let through the grating, at some incidence angle θi, each slit acts
as a source of an optical wave that diverges perpendicularly to the slit.
The waves overlap and for some propagation directions interfere construc-
tively. These directions are the directions of the diffraction orders of the
grating. An optical beam incident onto the grating at an angle θi will thus
be split into several beams corresponding to these orders. The diffraction
angles θm of each order m can be calculated using the grating equation
a (sinθm − sinθi) = mλ (2.1)
3
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Figure 2.1. Schematic drawing of an amplitude transmission grating.
where a stands for the grating period. Two important properties of the
diffraction gratings follow from Eq. (2.1). First, the grating period should
be larger than λ at normal incidence and larger than λ/2 at grating inci-
dence, otherwise there will be no diffraction. Second, the diffraction angle
θm depends on the wavelength. This property gives diffraction gratings
the ability to split light into its spectral components. This feature makes
diffraction gratings very common optical element in spectrometers.
There exists a variety of diffraction gratings with different operational
principles [1]. For example, the diffraction can originate from periodic
modulation of the light amplitude, phase or both. In phase gratings, only
the phase is modulated - e.g., by introducing a periodic difference in the
optical path lengths across the beam, which results in periodic deforma-
tion of the transmitted wave front. These gratings are usually made of
glass [19, 20] with etched periodic trenches. The difference in the refrac-
tive index in the grooves and in the glass stripes provides the necessary
periodic variation in the optical path length. Phase gratings are superior
compared to amplitude gratings because they insert less optical losses.
Reﬂective diffractive gratings are usually also phase gratings. The opti-
cal path modulation in them is achieved by a periodic relief pattern of the
reﬂecting surface of the grating [1]. In both reﬂective and transmissive
gratings, the trenches can have different geometries: square in binary
gratings, triangular in blazed gratings [1] and sinusoidal in sinusoidal
gratings.
4
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One of the important properties of diffraction gratings is the diffraction
efﬁciency, which measures the amount of optical power diffracted into a
designated direction. Phase gratings usually have the highest diffraction
efﬁciencies because of low losses. If the optical path difference within
the grating period is equivalent to a phase shift of π radians, the ze-
roth diffraction order disappears and all optical power turns out to be
diffracted into higher diffraction orders. Sinusoidal gratings can have
diffraction efﬁciencies as high as 100 % for the ﬁrst two orders with m = 1
and m = −1 [21]. A reﬂective grating can be made to transfer the whole
power exclusively into one of these orders. Most of the gratings mentioned
above can be fabricated by using techniques introduced in this thesis.
2.2 Photonic crystals
A periodic stack of dielectric materials with different refractive indices is
the simplest example of one-dimensional photonic crystal [2, 3, 4, 5, 6].
It is frequently used as a so-called Brag reﬂector [22, 23, 24], which re-
ﬂects light within a certain prescribed frequency band. Such a structure is
shown schematically in Fig. 2.2a. A wave, propagating through the stack
experiences partial reﬂection at each interface. If the period of the stack
is close to λ/2 (ideally, the optical thickness of each homogeneous slab
must be λ/4), then every successive reﬂection from neighboring periods
will be in phase with each other and, therefore, will interfere construc-
tively. Thus, the incident light will totally be reﬂected back. The wave-
lengths at which the total reﬂection occurs form a so-called photonic band
gap [25, 26, 27]. At these wavelengths light cannot propagate through the
crystal normally to the slab interfaces. The photonic bang-gap width of a
Bragg reﬂector made of λ/4 slabs is calculated as [28]
ΔλB =
4λB
π
sin−1
∣∣∣∣n2 − n1n2 + n1
∣∣∣∣ . (2.2)
Bragg reﬂectors, which are also called dielectric mirrors, have a large
area of applications because they do not cause optical losses and can be
designed to reﬂect light in a speciﬁc spectral interval [22]. Such reﬂectors
are used in laser cavities as frequency-selective mirrors. Optical ﬁbers
often incorporate distributed Bragg mirrors, e.g., to realize wavelength
division multiplexing [29]. A stack of dielectric ﬁlms can also de designed
to minimize optical reﬂection and maximize the transmission, acting thus
as anti-reﬂection (AR) coatings.
5
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Figure 2.2. Schematic drawings of (a) a 1D photonic crystal (Bragg reﬂector) and 2D
photonic crystals consisting of (b) dielectric pillars and (c) a dielectric slab
with holes.
One-dimensional (1D) and two-dimensional (2D) periodic media can-
not exhibit a total photonic band gap that is independent of the direc-
tion of light propagation. This can be achieved only in 3D photonic crys-
tals [2, 30]. Examples of 2D photonic crystals composed of dielectric pil-
lars and holes in a dielectric slab are, respectively, shown in Figs. 2.2b
and 2.2c. Such structures can be used as waveguides with very inter-
esting optical properties [30, 31, 32, 33]. For example, one can achieve
a so-called self-collimation effect in these structures [34, 35, 36, 37]. It
is based on the fact that, if the isofrequency contours (coined also as spa-
tial dispersion curves) of the propagating Bloch modes have ﬂat segments,
optical beams with modal wave vectors within these segments will propa-
gate in the slab without change of their transverse intensity proﬁles. This
allows using such crystals for position and incidence-angle independent
diffraction-free guiding of optical beams. By removing a thin stripe of the
pattern, a narrow waveguide within such a 2D photonic crystal is created
for light of a frequency within the crystal’s band gap. Two-dimensional
photonic crystals similar to those in Figs. 2.2b and 2.2c can be fabricated
using the optical interference lithography described in this thesis. Three-
dimensional crystals are more difﬁcult to fabricate and, because of this,
they are not as frequently used as 2D crystals. However, they can ex-
hibit even more unusual optical characteristics, such as effective negative
refraction [38, 39, 40, 41].
The band structure of the photonic crystal generally varies with the di-
rection of the light propagation because of different pattern periods in
different directions. 2D crystals have functionalities similar to 3D crys-
tals except for being limited to one plane. A dielectric slab with voids
or an array of pillars allow for position- and incidence angle-independent
diffraction-free guiding of optical beams. A waveguide within the photonic
6
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crystal can be created by removing a thin stripe of the pattern as men-
tioned above [30, 31, 32, 33]. Photonic crystals are capable of exhibiting
super dispersion [42] and other unusual light-guiding properties.
2.3 Subwavelength gratings
Gratings with a period smaller than half the wavelength, also called sub-
wavelength gratings, are not capable of causing diffraction according to
Eq. (2.1). However, they can be used to control the light intensity and po-
larization. This section introduces operational principles and applications
of such subwavelength gratings.
2.3.1 Wire-grid polarizers
Wire-grid polarizers are subwavelength gratings made in the form of an
array of parallel metal nanowires on an optically transparent substrate [43,
44, 7]. Such a polarizer transmits light with the electric-ﬁeld vector di-
rected perpendicularly to the wires. The operational principle of the de-
vice is as follows. For an optical wave incident onto a wire-grid polarizer,
the electric ﬁeld can be resolved into two orthogonal components, one per-
pendicular to the wires (y-component in Fig. 2.3) and the other parallel
to them (z-component). The z-component of the ﬁeld drives conduction
electrons in the metal along the wires. The extended length of each wire
makes the electron movement unrestricted in the z-direction, resulting in
an optical response of the grid being equivalent to that of a thin metal
ﬁlm. The transmission of incident z-polarized wave is nearly perfectly
cancelled by the destructive interference with the ﬁeld radiated by the
wires in the forward direction. Analogously, since signiﬁcantly elongated
noble-metal nanoscatterers exhibit strong resonance for longitudinal ex-
citation at long, infrared, wavelengths, the scatterers will radiate out of
phase when driven with shorter, visible wavelength. Thus, z-polarized
visible light is mostly reﬂected by the device.
The y-component of the incident wave will excite much weaker currents
in the nanowires because the electrons’ movement is now restricted to
the wire width. In addition, the ﬁeld, radiated by the wires in the forward
direction will be nearly in phase with the transmitted incident ﬁeld that is
now red-detuned from the transverse short-wavelength resonance. Thus,
the majority of y-polarized light will be transmitted by the polarizer, and
7
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Figure 2.3. Transmission of light through a wire-grid polarizer.
only a small fraction of it will be reﬂected. However an alternative design
of the wire-grid polarizer with inverse operation principles was proposed
recently [45].
The nanowires are made of metal and, therefore, some absorption of
light is inevitable [46]. An additional loss can take place due to scattering
at metal imperfections. These losses are the main disadvantage of wire-
grid polarizers. They will, though, have several important advantages
over other beam-splitting and absorptive polarizers. One of them is the
extremely wide operation wavelength band, allowing for coverage of the
whole visible range. The angle of incidence can be essentially arbitrary if
the wire period is smaller than half of the shortest working wavelength.
Wire-grid polarizers can be very thin, which makes them irreplaceable
in compact, integrated optical devices. They are relatively inexpensive
and, compared to plastic polarizers, are durable against aging, chemically
aggressive environments and high temperatures [47]. In particular, be-
cause of this latter reason, they can be used at high optical intensities.
The extinction ratio of these polarizers is on average about 1000, which is
a reasonably high value. These properties make wire-grid polarizers very
attractive, especially in the liquid-crystal display technology. High qual-
ity wire-grid polarizers can be manufactured by using the nanofabrication
techniques presented in this thesis.
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2.3.2 Wave plates
Not only transmissive, but also reﬂective subwavelength gratings can al-
ter the polarization state of light. In this case, however, it is possible
to convert the state to any elliptical polarization of interest. The device
can thus act as a wave plate [8, 48]. Metal nanogrid wave plates belong
to this class of optical devices. They operate as follows. Light incident
at such a wave plate, can as in the previous example, be split into two or-
thogonal polarization components, into TM (with the electric ﬁeld directed
along the grooves) and into the orthogonal TE component (see Fig. 2.4).
The TM-polarized component is mostly reﬂected from the top facets of the
ridges while the TE-polarized light penetrates inside the grooves and is
reﬂected from the bottom of the trenches. Thus, the reﬂected TE com-
ponent has a longer optical path compared to the TM component. This
results in accumulation of an additional phase by the TE component and
this phase is proportional to the groove depth. The reﬂected TE and TM
components interfere, producing a beam with a new polarization state.
By varying the pattern depth any pase difference between the TE and TM
components can be obtained. Furthermore, a single device can at differ-
ent wavelengths operate as a quarter- and a half-wave plate. Similarly to
wire-grid polarizers, metal nano-grid wave plates have a broader working
frequency band than conventional transmissive wave plates. However,
deep grooves in a metal sample are very difﬁcult to manufacture. In ad-
dition, inevitable small imperfections can cause noticeable scattering and
resonant absorption of light. In spite of this, we have succeeded to fabri-
cate such a reﬂecting wave plate that shows reasonably good optical char-
acteristics (see Publication III). Previously, only transmissive wave plates
in the form of a subwavelength grating have been demonstrated to have a
high optical quality [47].
2.3.3 Nanostructured antireﬂection coatings
Antireﬂection (AR) coatings are used to minimize the fraction of light re-
ﬂected at the interface between two media [10]. A conceptually simple
form of an AR coating is a graded-index ﬁlm, matching the refractive in-
dexes of, say, air and the substrate at the corresponding boundaries (see
Fig. 2.5a). Light incident on the substrate would pass the ﬁlm adiabati-
cally without any reﬂection [49]. Being simple in the operational princi-
ple, such ﬁlms are very difﬁcult to manufacture, e.g., due to lack of solids
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Figure 2.4. Schematic drawing of a metal nanogrid wave plate.
Figure 2.5. Schematic drawings of (a) a graded-index medium, (b) moth-eye antireﬂec-
tion coating.
with a refractive index close to 1. Conventionally, antireﬂection coatings
are made with a stack of layers of low and high values of their refractive
indices [50, 51, 52]. Such AR coatings, however, are rather thick. In ad-
dition they are rather sensitive to both the wavelength and the angle of
incidence of the light.
A gradually changing effective refractive index can be obtained in nanos-
tructured coatings. The so called moth-eye AR coating [53, 54, 55, 56, 57]
shown in Fig. 2.5b is one of them. This coating consists of transparent
cones. The cones are arranged in a periodic array with a period that is
smaller than the wavelength. When illuminated from above or below, the
cone structure acts as a homogenious material with an index of refraction
gradually changing between 1 and the index of the substrate. Moth-eye
antireﬂection coatings with a thickness of a small fraction of the wave-
length are able to suppress reﬂection down to 0.1 % in the entire visible
spectral range [58]. Furthermore, the coatings operate well also at tilted
incidence. These properties make nanostructured coatings of this type
very attractive in view of liquid-crystal and other display applications as
well as in solar cells. As a disadvantage, one could mention that small sur-
face imperfections of the coating can lead to a signiﬁcant light scattering.
Furthermore, the nanocones are not necessarily very stable mechanically.
10
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2.4 Plasmonic nanostructures
Most metals are highly reﬂective to visible light [59, 60, 61]. However, un-
der special conditions light can be very efﬁciently absorbed via resonant
excitation of collective oscillations of conduction electrons at the metal
surface. These excitations are called surface plasmons [62, 63, 64, 65, 66],
which are localized solutions of the wave equations at a metal-dielectric
interface. The localization means that the electromagnetic ﬁeld created
by the excited electrons exponentially decays along the normal to the in-
terface in both directions. The wave vector and the Poynting vector of the
ﬁeld are parallel to the interface if the interface is ﬂat. Figure 2.6a shows
a metal-dielectric interface lying in the xy-plane and an optical wave in-
cident upon it. The wave is TM-polarized. A TE-polarized wave is not
able to excite surface plasmons. The parameters εm(ω) and εd(ω) are the
complex frequency-dependent dielectric functions of the metal and the di-
electric, respectively. Solving for the wave equation
∇×∇× E(r, ω)− ω
2
c2
ε(r, ω) E(r, ω) = 0, (2.3)
we can obtain the dispersion relations for the propagation direction along
the interface (the corresponding wave number is ksp) and perpendicular
to it (km,z and kd,z) in the metal and the dielectric, respectively. These
relations are
ksp = (ω/c)
√
εmεd
εm + εd
, (2.4a)
km,z = (ω/c)
√
ε2mεd
εm + εd
, (2.4b)
kd,z = (ω/c)
√
ε2dεd
εm + εd
. (2.4c)
For the solution to be bound to the surface, km,z and kd,z are required to
be purely imaginary. This leads to the following condition⎧⎨
⎩
εm(ω) + εd(ω) < 0
εm(ω)εd(ω) < 0.
(2.5)
This condition implies that, if {Im(εm(ω))} is small, {Re(εm(ω))} must
be negative and have an absolute value larger than εd(ω). This condition
can easily be satisﬁed by using noble metals. However, surface plasmons
cannot be excited by direct illumination of the metal surface because the
wave vector in free space is too short compared with that of the surface
plasmon-polariton of the same frequency ω. Usually surface plasmons are
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Figure 2.6. (a) A schematic representation of a light wave passing through a metal-
dielectric interface. (b) Excitation of surface plasmon polaritons in the
Kretschmann conﬁguration.
excited by means of optical evanescent waves at glass-air interface under
the condition of total internal reﬂection (TIR) [67, 68, 69, 70]. As an exam-
ple, Fig. 2.6b shows a setup, called Kretschmann conﬁguration, in which
a thin metal ﬁlm on a prism surface is illuminated in TIR geometry. At an
angle θsp, at which the wave vector of the plasmon is equal to the tangen-
tial component of the wave vector of the incident light, kx = k0ndsinθsp, a
surface plasmon-polariton will be excited. Here nd stands for the dielec-
tric refractive index of the prism.
On the other hand, in subwavelength-sized metal nanoparticles, the
plasmon oscillations are localized to a strongly curved surface of the parti-
cle, and the conditions for their excitation substantially differ [71, 72, 64,
73, 74, 75]. In fact, plasmons can now be excited by direct illumination
even in vacuum.
For a small metal sphere, one can apply a quasistatic approximation
and, neglecting all multipole excitations higher than the dipole one, derive
the following expression for the particles dipole polarizability
α(ω) = 4π	0R
3 εm(ω)− εd
εm(ω) + 2εd
. (2.6)
Here R is the radius of the nanoparticle. The excited dipole moment is
then given by p = α(ω) E0 where E0 is the incident ﬁeld. Suppose that
E0 is directed along z and the particle is centred at (x, y, z) = (0,0,0). The
maximum of the ﬁeld amplitude at the surface can be calculated as
E(0, 0, R) =
2p
4πε0εdR3
≡
√
f E0, (2.7)
where f is the intensity enhancement factor given by
f =
α2(ω)
4π2ε20ε
2
dR
6
. (2.8)
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Figure 2.7. Picture of a stained glass window from Milan Cathedral [picture taken by
the author of this thesis]. The coloring is achieved by incorporation of metal
nanoparticles into the glass.
This factor is seen to be inversely proportional to R6. As an example for a
gold nanoparticle with R= 5 nm, located in water, the enhancement factor
is f ≈ 3000.
The scattering cross-section of a nanoparticle is
σscatt =
k4
6πε20
|α(ω)|2, (2.9)
where k is the wave number in the surrounding medium. The extinction
cross-section, σext, which is the sum of the absorption and scattering cross-
sections is given by
σext =
k
ε0
Im [α(ω)] . (2.10)
Substitution of Eq. (2.6) into Eqs. (2.9) and (2.10) leads to the important
conclusion that σscatt depends on R6 while σabs only on R3. This means
that light extinction by large nanoparticles is mostly through scattering
while for small particles it is dominated by absorption. The transition
between the prevailing regimes is associated with a distinct change in
the transmission and reﬂection spectra. Figure 2.7 shows a fragment of
a stained glass window in the Milan Cathedral. The various colours are
due to speciﬁc plasmonic bands of metal nanoparticles incorporated in the
glass.
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For non-spherical particles, the resonance condition splits into several
ones to describe the resonant excitations along the different directions.
Often such particles can be modelled as spheroids. By applying the quasi-
static approximation, one can derive the following expression for the par-
ticle polarizability,
α(ω) = V 	0
	m − 	d
Li	m(ω) + (1− Li)	d . (2.11)
Here V stands for the volume of the particle and Li are geometrical factors
describing the longitudinal and transverse plasmonic resonances. These
factors depend on the spheroid aspect ratio of the spheroid. The longi-
tudinal and transversal resonances are always red and blue shifted, re-
spectively, from the resonant frequency of a spherical particle. It should
be noted that the quasi-static approximation is not valid for long, rod-like
metal nanoparticles. These particles can be treated as ﬁnite pieces of a
nanowire supporting propagating plasmon waves.
The plasmon resonances, which usually lie in the visible and infrared
spectral regions, depend on the particle material, size, shape as well as
on the way the nanoparticles are distributed on the surface and in the
volume of the substrate [72, 64]. This multitude of parameters provides
ﬂexibility for the design of various plasmonic devices, where the ﬁnal re-
sult depends not only on design requirements but also on fabrication ca-
pabilities. Arranging nanoparticles in periodic arrays further boosts local
plasmon resonances leading to local ﬁeld enhancement by several orders
of magnitude [76, 77, 78]. One of the applications of the metal nanopar-
ticles is to fabricate substrates for surface enhanced Raman spectroscopy
(SERS). Raman scattering is an inelastic scattering process via energy ex-
change between a photon and the vibrational states of the molecule [79,
80, 81, 82, 83, 84]. The scattering process is schematically described in
Fig. 2.8. While in the classic Rayleigh scattering process the molecule
returns from an excited virtual state back to the original state, in the
Raman process it returns to an excited vibrational state. The scattered
Raman photon is then at frequency νr = ν − νvib, where hνvib, corresponds
to the energy of the excited vibrational mode in the molecule. There is also
the possibility that the molecule is initially in an excited vibrational state
and the scattering takes place to the non-excited ground state. The for-
mer Raman process is called Stokes scattering and the latter anti-Stokes
scattering.
The Raman spectrum is unique to the molecules under study and can
therefore be used for non-destructive chemical analysis [85, 86]. However,
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Figure 2.8. Raman scattering energy diagram.
Raman scattering cross-sections are on average 14 orders of magnitude
smaller than typical ﬂuorescence cross-sections [83, 84]. This tremendous
difference in strength implies use of sophisticated ultra-sensitive equip-
ment or development of special techniques to enhance the Raman scatter-
ing effect.
The Raman scattering cross-section can be enhanced by adsorbing the
analyte molecules onto a surface which exhibits strong local near-ﬁeld
ampliﬁcation of the light’s electric ﬁeld via surface plasmon excitations.
This technique, called surface enhanced Raman spectroscopy, is able to
enhance the Raman signal by up to 108 − 1014 fold [83, 84] compared to
a bulk analyte. Thus, it is possible to detect even a single molecule by
Raman detection [83, 84]. Suitable surfaces can be obtained by placing
metal nanoparticles on dielectric or semiconductor substrates.
The surface enhancement is a two-stage process. First, an incident laser
beam excites surface plasmons at the nanoparticles, giving rise to a strong
local near-ﬁeld intensity ampliﬁcation f according to Eq. (2.11). This en-
hanced near ﬁeld stimulates a proportionally stronger Raman scattering
phenomenon at the adsorbed molecule. Then the generated Raman signal
further excites surface plasmons at the metal nanoparticle resulting in
an additional near-ﬁeld enhancement with a strength similar to the orig-
inal f . Thus, the total intensity enhancement of the Raman scattering
becomes fR ≈ f2. Following the example of a golden nanoparticle from
above, the amplitude enhancement of the Raman signal will be fR ≈ 107.
Surface enhanced Raman spectroscopy can be used for quick and in-
expensive chemical analysis in medicine, chemistry and environmental
sciences. However, the main challenge is still the lack of simple and re-
liable fabrication techniques for nanopatterned SERS substrates. The
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Figure 2.9. Various metamaterial designs.
nanofabrication process, presented in this thesis, can be used to manu-
facture high-performance SERS substrates.
The strong dependence of the surface plasmon resonances on the sur-
roundings can be used to build highly sensitive plasmonic sensors. There
exist many variations of these sensors, including a thin metal ﬁlm on
top of a prism in the Kretschmann conﬁguration, periodic micro- and
nanopatterns of gold or silver on a substrate, and individual metal par-
ticles. Adsorbing even just a molecular monolayer of an analyte onto the
surface of such a sensor can cause a signiﬁcant shift of the plasmon res-
onance frequency. This shift is observed either in a direct spectroscopic
measurement or via a change in the sample reﬂectivity. A plasmonic sen-
sor in the form of a periodic array of metal nanostructures can be manu-
factured using the nanofabrication techniques presented in this work. An
example of such a sensor is discussed in Publication II.
Recent progress in nanofabrication techniques has opened us an excit-
ing possibility to create “artiﬁcial atoms”, in the form of nanoparticles,
and “metamaterials” made of them. The nanoparticles can be designed to
provide the material with extraordinary optical properties that cannot be
found in nature. For example, optical metamaterials can exhibit optical
magnetism and negative refraction as well as produce extraordinary phe-
nomena such as perfect focusing and optical cloaking. For the material
to be seen by light as homogeneous, its lattice constant must be smaller
than the light wavelength. To exhibit negative refraction, the material
must have negative permittivity and negative permeability. This can be
achieved by using three-dimensional arrays of metal nanostructures, be-
cause metals naturally have negative permittivity at visible light frequen-
cies and the structures can be designed to provide negative permeability
under special plasmonic resonance conditions. Three-dimensional meta-
materials are difﬁcult to fabricate if the structures have a sophisticated
geometry. Some relatively simple conﬁgurations for obtaining negative-
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index materials, such as a double-ﬁshnet structure consisting of a perfo-
rated stack of metal and dielectric layers have been proposed and already
demonstrated in practice [38, 39, 40, 41]. Examples of these and other
metamaterial designs are shown in Fig. 2.9. Similar metamaterials can
be fabricated using the techniques presented in this thesis.
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3. Photolithographic methods of
nanofabrication
3.1 Principles of photolithography
Photolithography is a technique to transfer light patterns ﬁrst onto a layer
of photosensitive material, to create a mask, and then, through the mask,
to another material that can be in the form of a thin ﬁlm or simply be
the bulk of the substrate [87, 88, 89]. General steps of the lithographic
process are shown in Fig. 3.1. In the ﬁrst step a photosensitive polymer
called photoresist is deposited on the surface of a ﬂat substrate that can be
preliminarily coated with another material [see Fig. 3.1(I)] [87, 90]. Then
the photoresist is selectively exposed to light [Fig. 3.1(II)], which changes
the chemical composition of the polymer [90, 91, 92, 93]. The next step
is the development of the photoresist [Fig. 3.1(III)] and removal of the
exposed parts of the material [94]. This step yields the photoresist mask
that is subsequently used to pattern the material of interest, usually by
wet or dry etching [Fig. 3.1(IV)]e [87, 88, 89]. The ﬁnal stage [Fig. 3.1(V)]
is stripping the mask from the sample [94]. Alternatively, the patterned
photoresist can be covered with a layer of another material, e.g. gold
(see Fig. 3.1(VI)) [87, 88]. Removing the photoresist will then result in a
pattern of this material repeating the photoresist openings [Fig. 3.1(VII)].
These two steps comprise the so-called lift-off technique [87, 88].
The lithography process usually involves a large number of auxiliary
methods and speciﬁc steps that fulﬁl each particular requirement. Quite
often the surface of the substrate wafer is modiﬁed prior to deposition of
the photoresist. This modiﬁcation can be done by means of various tech-
niques, such as sputtering [95, 96] and evaporation [97, 87, 88], atomic
layer deposition [98, 99, 100], electroplating [87, 88], chemical vapor de-
position [101, 102], oxidation [87, 88] and a number of epitaxial deposition
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Figure 3.1. Basic steps of photolithography: (I) Coating the substrate with a layer of
photoresist and, if necessary, with an additional intermediate material; (II)
exposure to a light pattern; (III) development and removal of the exposed (or
unexposed) photoresist; (IV) etching through the obtained photoresist mask;
and (V) stripping the mask. Alternatively, one can use the photoresist pattern
in a lift-off precess, shown in steps (VI) and (VII) for an example of obtaining
a pattern of gold.
techniques [87, 88]. Alternatively, the surface of the wafer can be modi-
ﬁed by ion implantation [87, 88]. Then, as a rule, a monolayer of a special
adhesion promoter is deposited onto the wafer to improve bonding of the
photoresist to the substrate. After this, the photoresist is spin-coated onto
the wafer from a solution [90]. To dry the photoresist, the wafer is sub-
jected to a soft-bake process [90], in which the solvent is evaporated as a
result of heating of the sample.
The photoresist ﬁlm can be exposed selectively ither through the pho-
tomask or by using a maskless exposure technique [87, 88, 89, 103, 104,
105, 106]. Conventional photomasks are usually made of a transparent
plate with an opaque pattern of, e.g., chromium on its surface. If the wafer
already contains some pattern, the photomask should be aligned relative
to that pattern. Exposure of the photoresist requires several additional
considerations. If the surface of the substrate is highly reﬂective and the
pattern contains relatively small features, a special antireﬂective coating
must be introduced beneath the photoresist to eliminate the formation of
unwanted optical standing waves [104, 105, 106, 107, 108, 103]. These
standing waves can signiﬁcantly roughen the photoresist mask pattern.
The exposure time should be carefully selected to achieve correct feature
sizes and vertical walls of the mask. Since conventional photoresists are
sensitive to temperature and humidity variations as well as to stray light,
the exposure should be done in a specially equipped clean room. If the pat-
20
Photolithographic methods of nanofabrication
tern elements of the mask are small, scattering and diffraction at the pat-
tern edges should be controlled. The scattered light passing through the
mask can be suppressed by using phase-shift correction elements. Such
elements introduce an additional contribution to the transmitted light
shifted in phase by π radians. This light interferes destructively with
the unwanted scattered light, drastically improving the pattern quality.
Photomasks allow for exposing an entire wafer in a few seconds, which
makes their use perfect for mass production. However, any change in the
designed exposure pattern requires a new photomask, whose fabrication
is an expensive and time consuming process.
The photoresist can also be selectively exposed by guiding a beam of
light or electrons on its surface [87, 109, 110, 111]. Such exposure meth-
ods are not based on the use of a photomask and are therefore called
maskless. They have several advantages over conventional photolithog-
raphy, such as the ability to change pattern even during the exposure.
Electron beam lithography can have very high resolution, on the order of
1 nm. However, since the system can expose at once only an area equal
to the beam cross section, drawing a pattern on the entire wafer is time
consuming and consequently extremely expensive. Therefore, such direct
writing techniques are used mostly for prototyping and to fabricating pho-
tomasks, but never for mass production.
The exposed photoresist differs in its chemical composition from the un-
exposed one. To form a mask for further etching of the substrate, the
photoresist must be developed [94]. In this process only exposed or unex-
posed photoresist is removed from the sample using a chemical solution
(developer). Two basic types of photoresist exist: If the photoresist is posi-
tive, the exposed portion of it is dissolved in the developer [87, 94]. On the
other hand, the exposed parts of a negative photoresist are insoluble in
the developer [94]. The polymer material and developer are different for
positive and negative photoresists, and it is usually impossible to apply
both positive and negative patterns to the same photoresist ﬁlm. How-
ever, a few special image-reversal photoresists, which allow for switching
between the positive and negative patterns, have been developed [94].
An important parameter of each photoresist is its resolution. It depends
on the chemical composition of the polymer. Usually the resolution ob-
tained with a negative photoresist is lower than that with positive ones
because long polymer chains are formed during the exposure. The devel-
opment step always ends with rinsing the sample in, e.g., water in order
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to remove the developer and all unnecessary products of the associated
chemical reactions.
Photoresist masks can be used in many different ways to selectively
modify a thin ﬁlm or the substrate surface. Two fundamental types of
etching are wet etching and dry etching [87, 88, 112, 113]. In wet etch-
ing, the wafer is submerged in an etchant solution that chemically reacts
with the surface, unprotected by the photoresist mask. The reaction prod-
ucts should be soluble or volatile. As a result, the material is selectively
removed from the unprotected areas. In dry etching, the substrate is at-
tacked by active gases, usually oxygen, ﬂuorine or chlorine, which remove
the material from the wafer areas unprotected by the photoresist. In order
for dry etching to work, the reaction products have to be in gaseous form.
The most important parameters in any etching are the etching proﬁle and
selectivity, also called the etching ratio. The etch proﬁle is determined
by the way the etching front advances into the wafer. Isotropic etching
is characterized by hemispherical propagation of the etching front. In
anisotropic dry etching, the etching fronts propagate faster in some par-
ticular directions, but in anisotropic wet etching, the front propagates as
a plane wave along the crystal axes. Isotropic etching of silicon through a
rectangular opening in the mask would yield a cavity with a hemispheri-
cal proﬁle. Dry etching, in contrast, could give a rectangular cavity. How-
ever, anisotropic etching in potassium hydroxide solution that etches the
material in the < 100 > direction 200 times faster than in the < 111 >
direction will yield a triangular shape for the etch cavity [87].
In anisotropic dry etching, the wafer is inserted into low pressure plasma
discharge in the etchant gas. The discharge makes the ions ﬂy in one di-
rection and the wafer is usually inserted perpendicular to this direction.
The process is called reactive ion etching (RIE) [114, 115, 116]. RIE is
accompanied by sputtering of the etched material due to bombardment by
energetic ions. An additional control of the etching proﬁle can be obtained
by using an additional gas that continuously forms a thin passivation ﬁlm
on the wafer. This ﬁlm can completely suppress the lateral etching while
only insigniﬁcantly slowing the etching process in the desired direction.
The selectivity mentioned above concerns the ratio of the etching speed
of the targeted material to the etching speed of the photoresist mask. A
larger value of this parameter allows etching of the same amount of the
material through a thinner mask. Thinner masks are easier to fabricate
and they cause less distortions during deep etching. The etch ratio can
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be rather small, e.g., 2-3, when etching sapphire via a chromium mask in
an inductively coupled plasma RIE (ICP-RIE) [117]. It also can be very
large, such as 106 when etching silicon through alumina in similar ICP-
RIE [118, 119, 120, 121]. When the etching is completed, the mask is
stripped usually with the help of a solvent or with oxygen plasma.
For some materials, such as gold, dry etching is impossible due to the
lack of gases forming volatile chemical products with the material. In
such cases patterning can be accomplished by using ion milling – a pure
sputtering process. Ion milling is a universal method, applicable to almost
all materials, but it is simultaneously very aggressive to the mask.
A completely different way to pattern metals and other materials is to
use a liftoff technique [87, 88]. In this technique a wafer with a polymer
mask is ﬁrst covered with metal or another material. Then the sample
is submerged into a solvent that dissolves the polymer. The process lifts
off the material that was on top of the mask, bul leaves the material de-
posited on the open areas of the wafer. The liftoff process is, however, dif-
ﬁcult to use in mass production because it is slow and requires the mask
to have clean walls and the deposited metal layer to be much thinner than
the mask.
If the patterns to be created are periodic, it is customary to use opti-
cal interference lithography (IL) [103, 104, 105, 106, 122]. This maskless
technique relies on using interference patterns created by two or more
intersecting coherent laser beams to expose a photoresist. Two beams
intersecting at an angle of 2θ will create a periodic interference fringe
pattern with a period of a = λ/(2sinθ) and a sinusoidal intensity pro-
ﬁle [122]. Interference lithography is a simple and inexpensive technique
that has several advantages over the other mentioned techniques. It does
not require a photomask nor sophisticated optics. Still an entire wafer
can be exposed at once. The pattern period can be easily adjusted in a
wide range from tens of micrometers down to half a wavelength of the
exposure light by changing the angle θ. The technique provides a perfect
long range periodicity. Quite complex mask patterns can be produced by
overlapping several interference patterns or by applying several subse-
quent exposures with different orientations of the sample [122]. However,
the use of coherent light can lead to formation of multiple standing wave
patterns in the photoresist ﬁlm due to non-negligible reﬂections at the
interface between different materials [108, 103]. These unwanted inter-
ferences can be reduced by making the photoresist ﬁlm sufﬁciently thin or
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Figure 3.2. Lloyd interferometer setup.
by using a highly absorbing or antireﬂecting coating [87, 104, 106]. Since
the exposure light has a sinusoidal intensity proﬁle, vertical walls in the
mask can only be achieved by using a binary photoresist. This photoresist
changes its state abruptly after exposure to a speciﬁc dose of radiation.
Binary photoresists are beneﬁcial also because they give an opportunity
to control the pattern sizes by adjusting the exposure time.
One of the most stable and reliable optical setups used to create inter-
ference fringe patterns is shown in Fig. 3.2. The system is called Lloyd
interferometer. In this setup an incident beam is split in two parts. The
top part is incident onto a mirror and then reﬂected to the photoresist ﬁlm.
The bottom part of the beam, being directly incident onto the photoresist
ﬁlm, interferes with the reﬂected part, forming an interference pattern
at the surface of the photoresist ﬁlm. The angle between the mirror and
the sample plane is ﬁxed to 90◦. Rotating the whole setup with respect
to the incident beam, one can adjust the interference pattern period in a
wide range, from tens of microns to half the wavelength according to the
expression a = λ/(2sinθ). The Lloyd setup has a rigid construction, which
makes it robust to vibrations and air turbulence. Vibrations of the whole
interferometer affect both beam parts in the same way and, hence, cause
no distortion to the interference pattern.
3.2 Azopolymer-based lithography
Azobenzene-containing polymers are alternative photosensitive materi-
als that can be used in photolithography [123, 124, 125, 126, 127, 128,
129, 130]. These polymers, when illuminated with an optical interfer-
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Figure 3.3. Trans-cis isomerisation of azo-polymer poly(disperse red 1 acrylate).
ence pattern, can physically migrate, e.g., from illuminated to dark ar-
eas [131, 132]. The process yields a replica of the incident irradiation pat-
tern in the form of a surface relief grating (SRG) [133, 134, 135, 136, 137].
In contrast to photoresists, no chemical development is needed to obtain
such relief patterns.
Azopolymer molecules consist of polymer chains bonded to azobenzene
moieties. The azobenzene molecules have two isomer states - trans-state
and cis-state (see Fig. 3.3) [131, 132]. Normally the molecules are in the
straight trans-state. Then, by exposing them to light (usually blue), they
can be rapidly switched to the bent cis-state. This molecular-level switch-
ing results in a decrease of the distance between the para-carbon atoms of
the azobenzene from about 10 Å to 6 Å. From the cis-state the molecules
thermally relax to the original trans-state. The relaxation transition can
be accelerated by heating or by illuminating the sample with light at a
different wavelength.
Under continuous spatially modulated illumination, azopolymer molecules
undergo the trans-cis-trans photoisomerization cycles leading to a macro-
scopic mechanical motion of the polymer [130]. It is remarkable that in
amorphous azopolymers this motion takes place at a temperature well be-
low the glass transition temperature [131]. Moreover, the material migra-
tion is highly sensitive to the polarization of the incident light [131]. The
azobenzene molecules in their trans form are more efﬁciently excited by
light that has the electric ﬁeld vector along the molecules. Thus an SRG
inscription is far more efﬁcient when accomplished with p-polarized or cir-
cularly polarized interfering beams than with s-polarized or unpolarized
25
Photolithographic methods of nanofabrication
light. This makes it possible to inscribe surface relief gratings under or-
dinary room lighting conditions and using interference patterns with ﬂat
intensity proﬁles but spatially varying polarization. In principle, the SRG
modulation depth increases when the intensity contrast of the polariza-
tion component perpendicular to the interference fringes becomes higher.
In addition, the insensitivity of the polymer to unpolarized light makes
the inscribed patterns stable against stray light. Furthermore, azopoly-
mers are not very sensitive to temperature and humidity variations, and
the patterned samples have a very long shelf lifetime. Also, azopolymers
tolerate well overexposure, owing to which multiple exposures are easy to
perform. All these properties make azopolymer a favorable alternative to
photoresist for applications in optical interference lithography.
Sinusoidal diffraction gratings for optical waves, e.g., transmissive phase
gratings, can be fabricated by the direct inscription of an SRG into an
azopolymer ﬁlm. In this case practical maximum achievable SRG modula-
tion depth is about twice as large as the thickness of the original azopoly-
mer ﬁlm. Then, coating the SRG with a reﬂective material, such as metal,
can be used to obtain a reﬂective phase grating. Usually, diffraction grat-
ings fabricated with the help of a photoresist are binary, while the SRGs
recorded in an azopolymer ﬁlm have a smooth sinusoidal proﬁle. As a con-
sequence, azopolymer gratings can have lower scattering losses. In fact,
reﬂective sinusoidal gratings can yield even 100 % diffraction efﬁciency
into the ﬁrst order under special conditions [138, 21].
Quite recently SRGs were proposed as a tool to micro- and nanostruc-
turing other materials, raging from polymers to metals and semiconduc-
tors [139, 140, 141]. The patterning techniques can be divided into three
basic groups. In the ﬁrst group, azopolymer surface relief patterns are
used as molds [142, 143, 144, 145]. The technique is similar to nanoim-
print lithography [146]. The second group makes use of the so-called di-
rectional photoﬂuidization lithography (DPFL) that combines methods of
microﬂuidics with optical control of azopolymer microstructures [139]. In
the third group, SRGs are used as an etch mask similarly to conventional
photoresist masks. The fabrication techniques described in this thesis
deal with the third approach and, therefore, in the following, that tech-
nique will be described in more detail than the two other approaches.
The molding technique resembles nanoimprint lithography. It consists
of the following steps: First, a clean substrate is spin-coated with an
azopolymer ﬁlm and an SRG is inscribed on its surface. Then, the pat-
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terned substrate is coated again with a polymer, such as poly(methyl
methacrylate) (PMMA) or polydimethylsiloxan (PDMS), from a solution
that is solidiﬁed by drying or curing. The last step is to peel off the poly-
mer that contains a reversed (imprinted) SRG pattern. The polymer sam-
ple obtained in this way can be used as it is, e.g., as a diffraction grating,
or as a stamp for further replication of the original SRG. Also, if the im-
print is made on a thin polymer ﬁlm bonded to a solid substrate, then the
ﬁlm can be used as an etch mask to pattern the substrate.
In the directional photoﬂuidization lithography, an azopolymer is ﬁrst
shaped by using a soft stamp made of, e.g., PDMS. This results in a two-
dimensional pattern, usually in the form of periodic lines or islands. Then,
the stamp is removed and the azopolymer array is reshaped by exposing
it to polarized light that in addition can be spatially modulated. The pho-
toinduced motion of the azopolymer molecules can result in so-called “self-
perfection by liquefaction” that can signiﬁcantly improve the shapes and
the surface quality of the azopolymer structures [147].
It has been recently realized that, potentially, surface relief gratings
can be used as etching masks for surface patterning of the substrate. In
particular, we have proposed and experimentally demonstrated the use
of SRGs as masks for dry etching of silicon, metals and other materials
(Publications I and II). This method allows one to fabricate large-area
periodic arrays of various nanostructures, and the technique has several
advantages over the conventional photoresist-based lithography, as has
already been mentioned. The basic steps of the azopolymer-based inter-
ference lithography are presented Fig. 3.4. In the ﬁrst step, a clean silicon
substrate is spin-coated with a 100 nm thick azopolymer ﬁlm and an SRG
is inscribed on its surface using an interference pattern of two p-polarized
or circularly polarized laser beams. In our experiments we have used a
Lloyd interferometer described in the previous section. A single exposure
gives a one-dimensional SRG [see Fig. 3.5(a)], while several subsequent
exposures applied to a rotated sample can yield more sophisticated two-
dimensional patterns [Fig. 3.5(b)]. For the obtained SRG to be applicable
as an etch mask, the polymer is in the next step removed from the pat-
tern trenches by anisotropic RIE in oxygen. Owing to the sinusoidal cross
section of the pattern, the width of the remaining polymer stripes can be
adjusted during the RIE by the etching time. Next, the obtained mask
[Fig. 3.6(a)] is used to dry-etch the substrate, after which the mask is re-
moved by wet etching.
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Figure 3.4. Schematic illustration of the fabrication process using a soft azopolymer
mask: (I) spin-coating of an azopolymer thin ﬁlm, (II) SRG inscription, (III)
partial etching of the polymer in O2, (IV) dry etching of Si, and (V) stripping
the mask.
Figure 3.5. SEM images of (a) one-dimensional SRG and (b) two-dimensional SRG made
by rotating the sample by 90 degrees between two subsequent exposures.
It is noticeable that, for obtaining a mask, a wet development of a pho-
toresist is replaced by RIE of an azopolymer. The latter process is faster,
simpler, and more controllable. Moreover, the substrate is usually further
etched in the same RIE machine, which considerably saves the fabrication
time.
If the substrate material is etched directly through a soft azopolymer
mask, the etch proﬁle turns out to be trapezoidal rather than rectangular
[see Fig. 3.6(b)]. This is an inevitable effect that, however, can be beneﬁ-
cial if the structures to be fabricated contain trapezoidal or conical shapes,
such as the ones in the moth-eye antireﬂection coatings [53, 54, 55, 56, 57].
If vertical walls are required for the etched pattern, one must use a hard
mask. Such a mask, usually made of metal or oxide, can be fabricated
with the help of a soft azopolymer mask.
Typical steps of an azopolymer-based interference lithography using an
intermediate hard mask are shown in Fig. 3.7. A silicon wafer is ﬁrst
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Figure 3.6. SEM images of (a) azopolymer mask and (b) silicon substrate etched through
the azopolymer mask.
Figure 3.7. Schematic illustration of a fabrication process based on the use of an inter-
mediate hard mask: (I) deposition of Al2O3 (5 nm), amorphous silicon (20
nm), azopolymer (100 nm), and SRG inscription, (II) partial etching of the
polymer in O2, (III) etching of amorphous silicon and Al2O3, (IV) dry etching
of Si, and V) stripping the mask.
covered with a 5-nm thick layer of alumina, using an atomic layer depo-
sition (ALD) process [98, 99, 100]. Alumina is chosen as one of the most
effective masking materials for ICP-RIE of silicon, with the etch ratio be-
ing on the order of 106; and it is also very good for regular RIE. Next, a
20 nm thick layer of amorphous silicon (a-Si) is deposited on top of the
alumina to act as an adhesion promoter for a layer of an azopolymer that
is spin-coated onto the sample in the next step. Then, a soft azopolymer
mask is fabricated (in the way described above) and the amorphous sili-
con is patterned through this mask with RIE. In the next step, the pattern
is transferred from a-Si to alumina, using wet etching, which eventually
yields a hard mask (Fig. 3.8). The obtained hard mask allows pattern-
ing silicon by using various etching conditions and parameters to obtain
a variety of etching proﬁles (see Fig. 3.9).
To further develop the azopolymer-based interference lithography to-
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Figure 3.8. SEM image of a hard mask.
Figure 3.9. SEM images of silicon etched through a hard mask using different etching
parameters.
wards wide technological applications, we have proposed and demonstrated
an all-dry etching procedure for patterning bulk gold, silicon, glass and
metal ﬁlms on a dielectric substrate. The all-dry procedure is simple
and fast, and it is very convenient to accomplish all the required etch-
ing steps without opening the RIE chamber. Moreover, creating a peri-
odic mask pattern on a highly reﬂective substrate with some conventional
holographic approach can be very challenging because of the already men-
tioned multiple reﬂections from the back and front surfaces of the sample.
An example of a photoresist ﬁlm patterned on a reﬂective substrate is
shown in Fig. 3.10. The observed sinusoidal modulation of the mask’s
side walls is caused by standing waves of the reﬂected exposure light in-
side the photoresist. This destructive effect can be suppressed by exploit-
ing special antireﬂection or absorbing coatings or by using extremely thin
photoresist ﬁlms (much thinner than a half of the exposure wavelength
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Figure 3.10. SEM images of photoresist masks with a standing-wave proﬁle resulting
from (a) single exposure and (b) double exposure.
in the material). However, the use of an antireﬂection coating can signif-
icantly complicate the fabrication process, and it is not always possible
to ﬁnd a material efﬁciently absorbing light at the wavelength of inter-
est. Moreover, antireﬂection coatings are usually rather thick and they
are nearly impossible to use when the pattern period is shorter than the
coating thickness [107]. Too thin photoresist ﬁlms, on the other hand, will
drastically limit the maximum etch depth of the substrate. In contrast,
patterning azopolymers is based on a spatially varying polarization state
of the exposure light, and it is not very sensitive to the intensity modula-
tion. This property makes azopolymers superior compared to photoresists,
because high-quality SRGs can easily be created on highly reﬂective sur-
faces of, e.g., silicon or gold, which has been shown, both theoretically and
experimentally in Publication II.
Many metals in general, and almost all noble metals in particular, do
not form volatile chemical substances and, therefore, they cannot be dry-
etched. However, they can easily be milled, e.g., by ions of argon, through
a soft azopolymer mask. Furthermore, noble metals have a relatively low
sputtering energy and a high sputtering yield, resulting in a high milling
rate compared to that of the mask. We have successfully demonstrated
in Publication II the possibility to transfer an azopolymer pattern to the
surface of gold. We have also reported on patterning thin gold ﬁlms and
obtaining periodic arrays of gold nanodiscs. The ﬁlm was completely re-
moved from the areas that were not protected by the soft mask. Such
metal patterns can be further used as hard etch masks for patterning an
underlying dielectric or semiconductor material (see Fig. 3.11).
In the milling process, most of the argon ions collide with the surface
of the sample at normal incidence. The collisions eject the atom from the
surface. The prevailing direction of the atom ejection, as various statisti-
cal models show, can be just along the surface, which causes a signiﬁcant
amount of the material to be sputtered back onto the sample surface. This
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Figure 3.11. SEM images of (a) silicon and (b) glass surfaces etched through a hard mask
made of gold. The etched glass surface was covered with 10 nm of gold for
SEM imaging.
Figure 3.12. SEM images of a nanostructure (a) before (gold nanostructures are pale
gray) and (b) after removal of the resputtered gold (gold nanostructures are
dark gray).
resputtering contaminates the etched surface with tiny metal islands [see
Fig. 3.12(a)]. To remove the resputtered metal, we add an intermediate
sacriﬁcial layer of alumina underneath the metal ﬁlm to be patterned.
Then, after patterning the metal, we dissolve the sacriﬁcial layer in an
acid, thus lifting-off the resputtered gold and obtaining nearly perfectly
clean open areas of the mask [see Fig. 3.12(b)].
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4. Photonic structures fabricated using
azopolymer-based patterning
Periodic arrays of nanostructures fabricated using azopolymer-based lithog-
raphy have a vast area of applications. They can be used as diffraction
gratings [1], ultrathin polarizers [7], wave retarders [8, 9], moth-eye an-
tireﬂection coatings [10], perfect absorbers, spectral ﬁlters [11], plasmonic
sensors [13], etc. This section describes in detail the azopolymer-based
fabrication of certain photonic structures and some of their properties.
4.1 Metal disc and hole arrays
Metal nanodisk and nanohole arrays exhibit pronounced surface-plasmon
resonances at visible wavelengths [71, 148, 149] and can be used, e.g., to
construct plasmonic ﬁlters [11] and sensors [150], to create SERS sub-
strates [14], or to improve light absorption in solar cells [151], etc. In this
thesis, an array of gold nanodiscs was fabricated and studied as described
in Publication II. The array was manufactured on a polished glass sub-
strate using a procedure that was brieﬂy discussed in section 3.2. It is
shown in Fig. 4.1 in more detail. First we deposit a 5-nm layer of alumina
by using a Beneq TSF-500 atomic layer deposition machine. The deposi-
tion is done at 220 ◦C using trimethyl aluminum and water as precursors.
Then we evaporate a 2-nm thick layer of titanium on the alumina. Ti-
tanium acts as an adhesion promoter between alumina and gold. After
this, a 20-nm thick ﬁlm of gold is deposited. Both metals are deposited in
the same electron beam evaporator MASA IM-9912. The last step before
etching is spin coating of the azopolymer [we used poly(Disperse Red 1
Acrylate) (pDR1A)] from a 2-w% solution in 1,2-dichloroethane. The coat-
ing is done within 30 s at a speed of 5000 RPM with a ramp of 3000 RPM.
The deposited azopolymer ﬁlm is then dried in an oven at 85◦ for approx-
imately 2 hours in order to completely evaporate the solvent. In the next
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step, we inscribe the surface relief grating. This is done by exposing the
azopolymer ﬁlm to an interference pattern, created in a Lloyd interferom-
eter. We exploited a single mode argon laser tuned to the wavelength of
488 nm. The laser intensity was chosen to be 25 mW/cm2. The interfer-
ometer was rotated to provide an incidence angle of 35◦. The exposure
time was set to 40 min for the ﬁrst exposure and 20 min for the second
orthogonal exposure if that was used. Next, the surface relief grating was
partially etched by oxygen in a reactive ion etcher, Plasma Lab 80 Plus,
Oxford Instruments and Plasma Technologies, to fabricate a soft mask.
The etching parameters were as follows: O2 ﬂow – 40 standard cubic cen-
timeters per minute (SCCM), O2 pressure – 1.95 Pa, radio frequency (RF)
generator power – 40 W and an etch time of 120 – 150 sec, depending on
the task. For example, etching for 120 s yields an array of holes in the
mask, while a 150 s etching time results in an array of disks.
Etching the sample starts with milling the gold and titanium through
the azopolymer mask. This was done in the same RIE machine, but with
the following process parameters for the argon gas: Ar ﬂow – 25 SCCM,
reactor pressure – 1.05 Pa, RF generator power – 100 W, and an etch-
ing time between 3 min and 6 min. To avoid sample overheating and
consequent mask meltdown, the milling was done in 30-sec steps with 2
min cooling intervals. After this step, the resputtered gold was lifted off
via dissolving the sacriﬁcial alumina layer in aluminium etchant solution
BASF PS80-16-04(65) at 50 ◦C for 15 min. The choice of alumina for the
sacriﬁcial layer was based on its excellent etching selectivity and the fact
that Al2O3 is optically transparent. The latter property is important if the
sample is to be used in applications in optics. As a last step we stripped
the azopolymer mask by 6-min exposure of the sample to O2 plasma (in
a PVA TePla Microwave Plasma Systems 400; the machine was set to O2
ﬂow of 1700 ml/min, Ar ﬂow of 50 ml/min, RF power of 1000 W and cham-
ber pressure of 4.7 mbar). To improve plasmonic properties of the fabri-
cated array the sample was annealed in nitrogen for 20 min at 400 ◦C.
SEM images of the fabricated nanohole and nanodisk arrays are shown
in Fig. 4.2. The average diameter of the nanodisks was 250 nm and the
pattern period 410 nm. The holes and disks are obtained using different
masks, as described above.
The optical properties of the fabricated nanodisc array were studied by
measuring the array’s transmission and reﬂection spectra [see Fig. 4.3].
The measurements were done with the help of a Perkin Elmer Lambda
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Figure 4.1. Fabrication of periodic plasmonic structures using azopolymer-based lithog-
raphy: (I) Deposition of alumina (5 nm), titanium (2 nm), gold (20 nm) and
azo-polymer (100 nm), (II) Inscription of the SRG, (III) Partial etching of the
polymer in O2, (IV) milling the gold and titanium by Ar, (V) lift off the the
resputtered gold by etching of the alumina, (VI) stripping the azo-polymer
mask.
950 spectrophotometer. The sample transmittance considerably drops
around the wavelength of 850 nm due to a surface plasmon resonance
in the disks. Simultaneously, the reﬂectance shows a peak at these wave-
lengths. This peak is broad, spanning from ca 700 nm to 1100 nm. The
experimental spectra agree well with the corresponding numerically sim-
ulated spectra [see Fig. 4.3]. The calculations were done for an array of
identical perfect nanodiscs [152]. The experimental peaks are somewhat
wider, presumably due to small variations in the geometry of the individ-
ual disks and a residual contamination of the substrate.
The obtained metal nanodisc and nanohole arrays can also be used as
masks for dry-etching the substrate (Fig. 4.4). We etched silicon and glass
through such masks using the same RIE machine as in the previous ex-
amples. Silicon was etched under the following conditions: CF4 ﬂow of
45 SCCM, CHF3 ﬂow of 45 SCCM, reactor pressure of 1.33 Pa, RF gen-
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Figure 4.2. SEM images of (a) a nanohole array and (b) a nanodisk array.
Figure 4.3. The transmission and reﬂection spectra of the gold nanodisc array. Solid lines
– experimentally measured spectra, dashed lines – calculated spectra.
erator power of 40 W, and etching time of 17 min (the etch rate was ca.
5 nm/min). The glass substrates were etched under different conditions,
which were as follows: CF4 ﬂow of 20 SCCM, CHF3 ﬂow of 60 SCCM, RF
generator power of 50 W, reactor pressure of 4.00 Pa, and etching time of
20 min (the etch rate was also about 5 nm/min). The slow etch rates were
chosen intentionally for ﬁne control of the pattern depth. Etching of sil-
icon resulted in vertical side walls of the etched proﬁles [see Fig. 4.4(a)].
Etching glass through a gold mask yielded conical side-wall surfaces [see
Fig. 4.4(b)] due to the slow etching of the mask edges. In fact, that is ex-
actly what would be needed for creating moth-eye antireﬂection coatings.
If, on the other hand, vertical side walls are of interest, gold should be
replaced with another masking material, such as silver or chromium. At
the end, the metal masks were removed by rinsing the sample in diluted
aqua regia (3 parts of 37 % HCl, 1 part of 70 % HNO3, and 2 parts of
H2O).
An alternative nanofabrication approach, in which metal is deposited
on top of an inscribed SRG and then milled at a large angle is introduced
in Publication IV. The method is facile and scalable, allowing fabrication
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Figure 4.4. SEM images of etched (a) silicon nanoridges and (b) glass nanocones. The
gold mask is still present. The glass array in (b) was additionally covered
with a thin layer of gold for SEM imaging.
Figure 4.5. SEM image of a tapered nanohole array.
of periodic arrays of unique threedimensional subwavelength-sized struc-
tures such as tapered holes and pyramidically shaped subwavelength-
sized particles. The method allows fabricating highly uniform arrays with
tunable lattice parameters and dimensions over large sample areas. The
process ﬂow of the technique is as follows: First, a transparent substrate
is spin-coated with an azopolymer and an SRG is inscribed. In the next
step, a gold ﬁlm is evaporated on top of the grating at normal incidence.
This results in a surface topology of the metal ﬁlm which repeats that
of the SRG. Finally, the metal ﬁlm is milled with an argon ion beam in-
cident at a large incidence angle onto the SRG surface. Because of this
glancing angle of incidence, the hills of the gold SRG obscure the grating
valleys. Thus the argon beam can only mill off the top parts of the grat-
ing. This process yields a metal ﬁlm with holes (Fig. 4.5). A longer milling
time would result in a periodic array of nanoislands in the dimples of the
SRG. The obtained, slightly tapered holes were observed to show sharper
plasmon resonances, which can be beneﬁcial for construction of plasmonic
sensors [13, 150]. Moreover, the presence of the photosensitive azopoly-
mer layer underneath the gold opens up the possibility to tune the optical
response of the array.
37
Photonic structures fabricated using azopolymer-based patterning
Figure 4.6. A SEM image of a wire-grid polarizer consisting of gold stripes on glass.
4.2 Nanogrid polarizers and waveplates
Nanogrid polarizers[43, 44, 7] and wave retarders [8, 48] have many po-
tential and already existing applications in optics, especially in imaging
systems and displays. Working on topics of Publication II, we have fabri-
cated a number of metal wire-grid polarizers. A SEM image of one of them
is shown in Fig. 4.6. The fabrication procedure was essentially the same
as the one used to create the metal nanodisc and nanohole arrays. The
exception is that the azopolymer ﬁlm was exposed only to a single inter-
ference fringe pattern. The device consists of periodically arranged thin
stripes of gold on a glass substrate. The pattern period is 400 nm. The
thickness of gold on the substrate is about 40 nm. The polarizer transmits
light polarized perpendicularly to the stripes and reﬂects the orthogonal
component polarized along the stripes.
Reﬂective metal nano-grid wave plates have a somewhat similar struc-
ture and operational principle. They are ﬂat metal samples with a peri-
odic pattern of rectangular nanogrooves on the surface [48]. Along with
a long range periodicity it is required that the grooves have vertical side
walls. Furthermore, since the pattern period must be small compared
with the wavelength and the groove depth must be on the order of λ/4,
the pattern aspect ratio is often quite high. Such structures are rather
difﬁcult to manufacture on a large surface area by using conventional
nanofabrication techniques. As has been already mentioned, deep anisotropic
dry etching is nearly impossible for noble metals as they do not form
any suitable volatile chemical compositions. Wet etching, on the other
hand, is isotropic for polycrystalline metals, which makes it impossible
to etch thermally evaporated metal ﬁlms and obtain vertical side walls.
Ion milling is also unsuitable for creation of deep rectangular grooves,
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because of uncontrollable redeposition of metal atoms (ejected from the
sample during the milling) onto the side walls of the pattern.
A novel fabrication approach (that led to Publication III) has been de-
veloped in the course of this work on metal nano-grid wave plates. The
fabrication process is schematically shown in Fig. 4.7. We start by fab-
ricating a rectangular groove pattern in silicon, with a geometry that is
complementary to the designed geometry of the metal wave plate. This is
done by etching a silicon substrate through a hard gold mask created by
using the azopolymer-based interference lithography. Then, we deposit a
5-nm layer of alumina, using ALD, and a monolayer of trichloromethylsi-
lane (CH3Cl3Si), with the help of physical vapor deposition. Alumina is
intended to decrease adhesion of gold to the substrate and, in addition, it
is used to adjust the width of the trenches in the substrate. In the last step
we evaporate a thick layer of gold onto the sample at normal incidence.
The thickness of the layer must be larger than the desired groove depth
(also in order to completely cover the pattern, which is important in view
of the next step). A glass plate is then glued to the metal with UV-curable
epoxy; the epoxy is illuminated through the glass. In the next step we
decouple the glued metal from the template and obtain the desired metal
structure. The fabricated stamp can be used multiple times. Figure 4.8
shows SEM images of such a silicon stamp and a reﬂective nano-grid wave
plate created using this stamp. The pattern period is 260 nm, the ridge
width is 100 nm, and the trench depth is 210 nm. The area of the pattern
is about 1 cm2.
Optical properties of the fabricated device were studied using the exper-
imental setup depicted in Fig. 4.9. In this setup, broadband light from a
tungsten lamp is collimated, polarized with a linear broadband polarizer,
and incident on the sample at an angle of about 9◦. This angle is small,
and as was veriﬁed by both numerical calculations and measurements, it
yields optical spectra, which are indistinguishable from those obtained at
normal incidence. The transmission axis of the polarizer was oriented at
45◦ to the grooves. The reﬂected light was analyzed with another broad-
band polarizer (analyzer) and a ﬁber-coupled spectrometer. At ﬁrst, we
measured the reﬂection spectrum of a planar ﬁlm of gold as a reference.
The measurement was done at the orientation of the analyzer providing
the maximum transmission. This spectrum was then subtracted from the
measured reﬂection spectra of the sample to eliminate reﬂection losses at
the polarizers and the sample’s material factor (the contribution of gold).
39
Photonic structures fabricated using azopolymer-based patterning
Figure 4.7. Fabrication steps used to create metal nano-grid wave plates.
Figure 4.8. SEM images of (a) the stamp and (b) a reﬂective wave plate.
The system transmission spectra were recorder for the full 360◦ rotation
of the analyzer in steps of 5◦. The measured transmittance, T , of the sys-
tem as a function of the analyzer angle α is shown for several particular
wavelengths in Fig. 4.10(a). It can be seen that at the wavelength of 604
nm, the transmission of the system does not depend on the analyzer angle.
This means that the wave plate converts the incident linearly polarized
light into circularly polarized and thus acts as a quarter-wave plate. The
observed transmittance of 0.4 at this wavelength indicates that c.a. 20 %
of light power is lost, presumably by being absorbed in the grooves and
scattered at fabrication imperfections.
At the wavelength of 997 nm, the reﬂectance reaches zero when the
transmission axes of the polarizers are essentially parallel to each other,
conforming that the device acts as a half-wave plate. At crossed polariz-
ers, the transmittance attains the maximum value, as it should. Again,
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Figure 4.9. Experimental setup for optical characterization of the fabricated gold nano-
grid wave plate.
Figure 4.10. (a) The system transmittance measured at several wavelengths as a func-
tion of the orientation angle α of the analyzer. (b) The spectra measured
when the axes of the polarizer and analyzer are parallel (black curves)
and perpendicular (red curves) to each other; the corresponding theoreti-
cal curves are shown by the dashed lines.
the reﬂection is not perfect due to absorption and scattering in the grooves.
Themeasured transmittance spectra of the system are shown in Fig. 4.10(b)
for two particular orientation angles of the analyzer of 0◦ (red curve) and
90◦ (black curve). These graphs clearly show the quarter- and half-wave
operations of the wave plate at 604 nm and 997 nm, respectively. The
experimental results are in good agreement with the results of numerical
calculations performed for the case of ideally ﬂat surfaces of the grooves
(see the dashed curves in the ﬁgure). The measured transmittance is
lower than the theoretical one especially for the polarization component
which is perpendicular to the grooves. This implies that optical losses
take place mainly inside the trenches.
The proposed nanofabrication technique allows fast production of peri-
odically surface-patterned metal samples. The patterns can easily be cre-
ated on a large surface area, have vertical walls and contain high-aspect-
ratio nanostructures. The fabricated reﬂective nano-grid wave plate is
an example of optical elements that can be obtained using this method.
An important advantage of such nanostructured elements over their con-
ventional (micro- and macrostructured) counterparts is that the former
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can have a wider operation band, and they can be considerably thinner.
A wire-grid polarizer and a moth-eye antireﬂection coating are two more
examples of such devices.
4.3 Nanopillar arrays and SERS substrates
Periodic arrays of nano- and micropillars have widespread technological
applications, ranging from photonic crystals [2, 3, 4, 5, 6] to chemical and
biological sensors [13, 150], including their use as substrates for surface
enhanced Raman spectroscopy [14]. We have extended our azopolymer-
based interference lithography towards fabrication of such periodic arrays
of nanopillars and applied the technique to fabricate SERS substrates.
The results of this work are presented only in this compendium. The
fabrication process is shown in Fig. 4.11. We start with coating a silicon
substrate with a stack of 1.5-nm thick ﬁlm of titanium, 40-nm ﬁlm of gold
and 100-nm layer of azopolymer. Then a one- or two-dimensional surface
relief grating is inscribed and, as previously, etched in oxygen RIE to cre-
ate a soft mask. Next we pattern the gold using argon milling in RIE
through the soft mask. The formed hard mask is then used for further
anisotropic etching of the wafer with RIE. After this we strip the mask in
diluted aqua regia and use ALD to cover the substrate with a 7 nm thick
layer of alumina. This layer is used to decrease adhesion of silver that is
deposited next. The deposition of silver is done onto the side walls of the
pillars from two opposite sides at a large deposition angle. This results
in formation of pairs of silver islands on the pillars. Then we anisotrop-
ically mill both the silver and alumina with argon RIE to remove these
materials from the top surfaces of the pillars and the surface of the sam-
ple between them. This yields pairs of silver nanocrescents around the
pillars (see Fig. 4.12). In the next step the crescents are transformed into
nanospheres by annelaling the sample for 20 min in nitrogen at 400 ◦C.
These nanospheres are then used as a mask to etch silicon. A periodic
array of nanopillar pairs obtained in this way is shown in Fig. 4.12. Next
we strip the silver and evaporate a 1.5 nm thick ﬁlm of titanium and a
100 nm thick ﬁlm of gold onto the pillars’ top surfaces. The evaporation
is performed at a very low evaporation rate (ca 0.5 Å/sec), promoting a
liquid-like behavior of the metal, to form nanospheroids instead of discs.
Finally, to improve the plasmonic properties of the metal, we anneal the
sample for 20 min in nitrogen at 400 ◦C
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Figure 4.11. Fabrication of nanopillar arrays.
Figure 4.12. SEM images of the fabricated nanopillar arrays.
SERS substrates fabricated using this technique were observed to pro-
vide a high surface-averaged SERS enhancement factor (> 107 for thio-
glycerol). Furthermore, since large surface areas can be patterned, the
technique is very promising in view of possible mass production of the
SERS substrates.
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5. Summary and outlook
The main result of the work presented in this thesis is the development
of versatile nanofabrication techniques for manufacturing periodic arrays
of various optical nanoelements. The developed technique is simpler and
faster than the standard photoresist-based interference lithography, and
it is suitable for patterning not only transparent and absorptive, but also
highly reﬂective materials, such as silver and gold surfaces.
In the introduced interference lithography, conventional photoresists
are replaced with azobenzene-functionalized polymers. These polymers
are insensitive to stray light as well as to temperature and humidity ﬂuc-
tuations. In addition, creation of azo-polymer masks does not require any
wet processing, which drastically simpliﬁes and speeds up the fabrication
cycle. Moreover, since azo-polymers are tolerant to overexposure, complex
mask patterns can easily be created by applying sequentially multiple in-
terference patterns, e.g., with different orientations and/or periods.
We have further developed our nanofabrication technique to facilitate
surface patterning of metals and dielectrics. We have experimentally
demonstrated the creation of a large-area nanodisk array made of gold
on glass. Such patterns can be used as plasmonic sensors and spectral ﬁl-
ters. Introducing a sacriﬁcial layer of alumina solved the problem of con-
tamination of the sample by resputtered metal during the etching. The
fabricated nanodisk array was also used as an etch mask to pattern glass
substrates in order to obtain a periodic array of glass nanocones. Such a
nanocone array can be used as a moth-eye antireﬂection coating.
Using the azo-polymer based interference lithography, it is possible to
create a hard mask which repeats the azo-polymer SRG pattern. The hard
mask allowed us to etch deeper into silicon. We have used this approach
to fabricate reﬂective metal nanogrid wave plates. The wave plates were
proven to work as high-quality quarter- and half-wave plates within a
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wide spectral range.
An alternative means to produce large-area nanohole arrays by mak-
ing use of azo-polymers was demonstrated by depositing a gold ﬁlm on
an azo-polymer SRG pattern and cutting the top parts of the ﬁlm with
argon milling at a glancing incidence angle. This technique preserves the
underlying azo-polymer, opening up a new possibility to tune the optical
response of the structure through an interplay between surface-plasmon
excitations in the perforated ﬁlm and the photosensitivity of the polymer.
The presented nanofabrication methods can be further developed to-
wards more sophisticated patterns and a broader range of materials. As
an example, we have combined the azo-polymer lithography with a nanopat-
terning technique based on self-assembly of silver nanoislands and cre-
ated periodic arrays of nanopillar pairs with gold caps. These arrays
exhibited a very high SERS enhancement factor. We anticipate that in
the future it will be possible to create even more complicated nanostruc-
tures, including, e.g., three-dimensional metamaterials and photonic crys-
tals by using azo-benzene-based nanofabrication methods similar to those
described in this thesis.
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